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Abstract 
A transitional endoplasmic reticulum fraction from rat liver that responds to retinol by increased formation of 50-70 nm diameter 
transition vesicles bound ret:inol. Separation on SDS-PAGE with analysis by fluorography indicated the dominant binding component a  
55 kDa. Binding was found with transitional vesicles formed from the transitional endoplasmic reticulum, and the endoplasmic reticulum 
fractions from which vesicles are derived but not with Golgi apparatus, plasma membranes orcytosol. 
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There is a growing body of evidence that retinoids may 
have significant effects, both in vivo and in vitro, on the 
operation and products of vesicular trafficking between the 
endoplasmic reticulum and the Golgi apparatus. Numerous 
studies have noted effects of retinol on secretion and the 
carbohydrate processing of secreted proteins [1]. Morpho- 
logical responses of the Golgi apparatus to retinol have 
been noted [2]. These have included an increased number 
of transition vesicles in file vicinity of the Golgi apparatus 
of livers from rats fed vitamin A in excess [3]. These 
50-70 nm vesicles are considered to originate from special 
part-rough, part-smooth regions of the endoplasmic reticu- 
lum, termed transition endoplasmic reticulum and migrate 
to the Golgi apparatus to effect delivery of new membrane 
constituents [4]. These findings were extended by Nowack 
et al. [5] to a completely cell-free system where an effect 
of retinol on transition vesicle formation but not fusion 
with the cis Golgi apparatus was reported. A direct effect 
of retinol on Golgi apparatus was noted as well in living 
cells by video-enhanced light microscopy [6]. 
In the cell-free transfer experiments, isolated transi- 
tional endoplasmic reticulum fractions were incubated at 
37°C with nucleoside triphosphate, an ATP-regenerating 
system and a cytosol fraction, with and without retinol. As 
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a result, the number of transition vesicles formed was 
increased 2-fold by retinol as determined both by electron 
microscope morphometry and by direct measurements of 
total protein of vesicle fractions isolated from the bulk of 
the endoplasmic reticulum starting material by preparative 
free-flow electrophoresis [5]. In subsequent experiments, 
the already-formed transition vesicles isolated by prepara- 
tive free-flow electrophoresis were radiolabeled. When 
coincubated in a cell-free system consisting of Golgi appa- 
ratus absorbed onto nitrocellulose in the presence of ATP, 
an ATP regenerating system and a cytosolic fraction [7], 
radioactivity was rapidly and efficiently transferred via 
these already formed vesicles to the isolated Golgi appara- 
tus immobilized onto nitrocellulose strips. However, this 
cell-free assay representing the subsequent fusion of al- 
ready formed transition vesicles was unaffected by the 
presence of 1 /xg/ml retinol [5]. Thus, Nowack et al. [5] 
concluded that the response of the cell-free system to 
retinol was on vesicle formation rather than subsequent 
fusion with the Golgi apparatus. 
The morphological observations [1] and cell-free analy- 
ses [5] described above have been extended in the present 
study to demonstrate he interaction of retinol with specific 
proteins of transitional endoplasmic reticulum apparently 
concentrated in the transitional vesicles per se. Binding 
was determined by incubating transitional endoplasmic 
reticulum with [3H]retinol and analysis by equilibrium 
dialysis and SDS-PAGE with subsequent fluorography. 
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Rats were 180 g males from Harlan Industries (Indi- 
anapolis, IN). Nitrocellulose was from S and S Scientific 
(Keene, NY). All chemicals were from Sigma Chemicals 
(St. Louis, MO). Radiolabeled [ll,123H(N)]retinol was 
from New England Nuclear (Boston, MA). 
Endoplasmic reticulum fractions containing transition 
elements were isolated as described [8]. Livers or liver 
slices were homogenized in two volumes of a medium 
containing 37 mM Tris-maleate (pH 6.4), 0.5 M sucrose, 5
mM MgC12 and 1% dextran (aveerage mol. wt. 225 kDa) 
for 45 s with a Polytron 20 ST operated at 6000 rpm. The 
homogenate was centrifuged for 15 rain at 6000 X g to 
remove nuclei, plasma membrane fragments, Golgi appara- 
tus and cell debris. The supernatant was subsequently 
diluted 1:5 with homogenization medium and centrifuged 
10 min at 10000 X g to remove mitochondria. The super- 
natant containing endoplasmic reticulum was layered onto 
a discontinuous sucrose gradient consisting of 2.0, 1.5 and 
1.3 M sucrose layers and centrifuged at 85 000 X g for 90 
min (Beckman SW-28 rotor). The material from the 1.3 M 
sucrose/supernatant i erface (transitional endoplasmic 
reticulum) was collected and pelleted by centrifugation at
70000 X g for 20 min (Beckman SW-28 rotor) and was 
used as the starting material for generating transition vesi- 
cles. Plasma membranes were isolated by aqueous two- 
phase partitioning [9]. 
Transitional endoplasmic reticulum was incubated for 
10 min at 37°C with the ATP/ATP-regenerating system, 
and > 10 kDa cytosolic protein fraction. The isolation of 
transition vesicles was accomplished by free-flow elec- 
trophoresis [7]. The absorbance was determined at 280 nm 
for all electrophoretic fractions. Fractions were pooled 
appropriately and collected by centrifugation at85 000 X g 
for 30 min (Beckman SW-28 rotor) onto nitrocellulose. 
Portions of the fractions on nitrocellulose were prepared 
for electron microscopy. The remainder was used for 
determination f total protein by the BCA procedure [10]. 
A multi-cell rotating equilibrium dialyzer assembly was 
used for the binding studies (Spectrum Equilibrium Dia- 
lyzer, Spectrum Medical Instruments, Los Angeles, CA). 
The drive unit of the 5-cell dialyzer rotated the Teflon 
cells at 20 rpm. The dialysis membrane used had a 12 to 
14 kDa molecular weight cut-off and was pretreated by 
soaking in deionized water for 30 min, soaking in 30% 
ETOH for 30 min and then equilibrated with dialysis 
buffer. The dialysis buffer used consisted of 25 mM 
Tris-HC1, 100 mM KCI, 5 mM MgC12 (pH 7.4) and 1 mM 
EDTA. All solutions were filtered through 0.22-/xm Milli- 
pore filters to remove particles that might clog the mem- 
branes. Dialysis was at 4 ° C in the dark for approximately 
18 h. The concentration of [3H]retinol in both compart- 
ments was determined after equilibrium by measuring 
radioactivity of 100-/~1 aliquots taken from each chamber. 
A binding isotherm was constructed and apparent (associa- 
tion constants) binding coefficients and number of binding 
sites were determined from Scatchard analysis. 
Stock solutions of retinol were prepared as needed by 
adding 1 mg of all-trans retinol (Sigma) to 1 ml absolute 
ethanol. Prior to the addition of retinol to the cell-free 
transfer system, a portion of the freshly prepared stock was 
diluted 1:100 in absolute thanol (to 0.01 mg/ml) and the 
absorbance spectrum was determined by a dual beam 
UV-VIS spectrophotometer (Shimadzu UV- 160, Scientific 
Instruments, Columbia, MD). The retinol in ethanol was 
scanned from 200-400 nm using a quartz cuvette. A single 
absorption maximum at 326 nm indicated that the retinol 
was undegraded. 
Controls received ethanol alone. The ethanol was with- 
out effect in all control incubations. All manipulations 
involving retinol were under yellow light to minimize 
photodestruction f retinol. 
Membrane fractions were resuspended in HEPES-KOH 
(pH 7.0) to a final concentration of 1 mg/ml as deter- 
mined by BCA protein determinations. The membranes 
(100 /zl) were incubated with 0.1 mCi of [11,12-3H 
(N)]retinol (spec. act. 47.9 Ci/mmol) for 30 min at 37 ° C. 
The incubation mixture was centrifuged at 15 000 X g for 
10 min to collect he membranes which were then immedi- 
ately processed for SDS-PAGE [11]. Electrophoresis was 
at 40 mA/gel at constant voltage for 6-8 h under yellow 
light. The gels were treated for autoradiographic enhance- 
ment by incubation for 30 min in ENHANCE (Amersham, 
Arlington Heights, IL), dried and autoradiographed by
exposure to preflashed Kodak diagnostic film X-OMAT 
XAR-5. 
Isolated membrane fractions consisting of transitional 
endoplasmic reticulum fractions bound [3H]retinol (Fig. 1). 
At high concentrations of retinol (1.5 nM), binding was 
proportional to retinol concentration and of low affinity. 
However, at concentrations below 1.5 nM, some compo- 
nent suggestive of saturable and high affinity binding was 
observed. In contrast, plasma membrane of rat liver ana- 
lyzed in parallel, exhibited only low affinity binding. The 
K d was determined to be 1 nM for the high affinity 
binding component within the transitional endoplasmic 
reticulum by Scatchard analysis. The use of equilibrium 
dialysis methods avoids problems of determining specific 
binding in the presence of excess unlabeled retinol where 
significant levels of apparent low affinity binding arise 
through partition of the lipophilic retinol into the lipid 
phase of the membranes. 
To investigate the possibility that the retinol interacted 
with a protein specifically associated with the endoplasmic 
reticulum, isolated membrane fractions were incubated 
with [3H]retinol and analyzed by SDS-PAGE under dena- 
turing conditions. When endoplasmic reticulum fractions 
were incubated with [3H]retinol and the constituent pro- 
teins were separated by SDS-PAGE, subsequent fluorogra- 
phy of the gels revealed [3H]retinol bound in the region 
corresponding to a M r of approx. 55 kDa (Fig. 2). Transi- 
tional endoplasmic reticulum was further fractionated by 
free-flow electrophoresis. Both the shoulder region en- 
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Fig. 1. Binding of retinol by tJ'ansitional endoplasmic reticulum (solid 
symbols) and plasma membranes (open symbols) of rat liver. Binding 
was determined from measurements of radioactivity using [3H]retinol. 
The total volume was 1 ml (0.5 ml per half cell) and the concentration f
membrane protein was 50 /xl per cell. The experiments were done twice 
for plasma membranes and several times for transitional endoplasmic 
reticulum with similar results. 
reticulum occurred over a wide range in pH of 3.0 to 9.0 
(data not shown). 
Under conditions optimized for binding to transitional 
endoplasmic reticulum (pH 7.0, 2.0 mM DTT), the binding 
of [3H]retinol was principally to the 55 kDa band and was 
competed by excess unlabeled retinol to determine speci- 
ficity of binding. Several minor bands at MrS of 36, 28, 21 
and 18 kDa were observed at or near the level of resolu- 
tion of the autoradiogram which were also reduced in 
intensity by unlabeled retinol and may be the result of 
unspecific or lower affinity binding. When cytosol was 
incubated with [3H]retinol, no binding to a 55 kDa compo- 
nent could be detected. A 36 kDa component of the 
cytosol binding [3H]retinol was observed in the absence of 
DTT but not in its presence. In the presence of 6 M urea 
alone or in combination with DTT, the 36 kDa protein 
associated with the cytosol was also observed to no longer 
bind the [3H]retinol. Evidence for a role of vitamin A in 
formation of transition vesicles has come from a study 
involving a cell-free system which measures transfer of 
radioactivity from labeled endoplasmic reticulum (donor 
MW 
xlO -3 
riched in transition vesicles and the main peak containing 
the transitional endoplasmic reticulum depleted of transi- 
tion vesicles appeared to bind [3H]retinol in the M r 55 
kDa region of the gel (Fig 3, lanes C and D, respectively). 
In subsequent experiments, the putative 55 kDa binding 
protein was found to be present in both transitional and 
rough endoplasmic reticulum fractions. However, when 
Golgi apparatus or cytosol alone were incubated with 
[3H]retinol and the constituent proteins were separated by 
SDS-PAGE, no binding of [3H]retinol was observed (Fig. 
3, lanes E and F). 
The binding was to relatively minor protein components 
of the membrane fractions. Silver-stained gels analyzed in 
parallel contained many major protein bands which were 
unlabeled with retinol (Fig:. 2B). 
When the various fractions were incubated with [3H]ret- 
inol and processed for SDS-PAGE in the absence of the 
reducing agent dithiothreitol (DTT), the transitional endo- 
plasmic reticulum showed less binding of the 55 kDa 
protein to [ 3 H]retinol. However, in the presence of increas- 
ing amounts of DTT, the transitional endoplasmic reticu- 
lum showed a greater propensity of the 55 kDa component 
to bind [3H]retinol. The presence of urea either alone or in 
combination with DTT had little effect on the binding of 
[3H]retinol by the 55 kDa protein. The binding of [3H]reti- 
nol to the 55 kDa protein of the transitional endoplasmic 
A B 
Fig. 2. SDS-PAGE and subsequent fluorographic analysis (A) of transi- 
tional endoplasmic reticulum incubated with [3H]retinol. Incubations 
were for 30 min at 37 ° C. The left lane (B) is a silver-stained gel for 
comparison. 
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Fig. 3. SDS-PAGE and subsequent fluorographic analysis of various 
membrane fractions incubated with [3H]retinol. (A and B) Transitional 
endoplasmic reticulum. A is overloaded to reveal minor bands. (C) Main 
electrophoretic peak from a free-flow electrophoresis eparation of transi- 
tional endoplasmic reticulum containing endoplasmic reticulum fragments 
depleted of transition vesicles. (D) Transition vesicle-enriched fraction 
from a free-flow electrophoresis eparation of transitional endoplasmic 
reticulum. (E) Golgi apparatus isolated from rat liver. (F) Rat liver 
cytosol. 
membranes) to acceptor membranes immobilized onto ni- 
trocellulose [5]. Retinol, at an optimum concentration f 1 
/zg/ml, stimulated the rate and amount of membrane 
material transferred by 2-fold in the complete transfer 
system (ATP, ATP regenerating system and cytosol). Fur- 
thermore, retinol was without effect on fusion of pre- 
formed transition vesicles with Golgi apparatus immobi- 
lized onto nitrocellulose strips [5]. 
A literature review of proteins which bind retinol indi- 
cated that the 55 kDa protein described in this study shows 
characteristics unique from those proteins previously re- 
ported. Many specific intracellular retinol and retinoic acid 
binding proteins (CRBP's and CRABP's respectively) have 
been identified [12-15]. These proteins how a high degree 
of homology and belong to a protein family that also 
includes protein P2, fatty acid binding protein (Z-protein), 
intestinal fatty acid binding protein, and mammary-derived 
growth inhibitor [15]. 
Studies on the distribution of the various types of 
CRBP's and CRABP's have established that CRBP(I) and 
CRABP(I) are the predominant intracellular retinoid bind- 
ing proteins in most tissues [16]. Both of these proteins 
have molecular masses ranging from 13 to 16 kDa and 
bind a single retinoid molecule in a noncovalent associa- 
tion [16]. A third retinol binding protein, CRBP(III), has 
been isolated from fish eyes [15]. This is a 15 kDa protein 
with an undefined function which binds retinol in a nonco- 
valent manner. 
In the photosensitive system, retinoid binding proteins 
are associated with the membrane and interact covalently 
with the protein by an aldimine linkage [16]. However, 
these membrane-associated proteins, ranging in molecular 
mass from 20 to 49 kDa, only interact with either 11-cis- 
retinaldehyde or all-trans-retinaldehyde. There is another 
well-characterized retinol binding protein of the eye, inter- 
stitial retinol binding protein (IRBP), that interacts with 
two molecules of retinol in a noncovalent linkage. IRBP is 
a cytosolic protein, not associated with the membrane, that 
has a molecular mass of 144 kDa [17]. 
Retinol binding protein (RBP) is the retinol-specific 
transport protein present in blood that delivers the vitamin 
from the liver stores to the peripheral target issues. RBP is 
a single chain polypeptide with a molecular weight of 
approximately 21 kDa, containing one binding site for 
retinol and in plasma interacts reversibly with transthyretin 
[18,19], a tetrameric protein composed of four identical 
subunits. The association of RBP with transthyretin, which 
has a molecular weight of 55 kDa, prevents its filtration 
through the kidney glomerule [20]. 
One feature of the transthyretin molecule that is of 
interest o the binding conditions of the 55 kDa protein 
described in this study is its exceptional resistance to 
denaturation [21 ]. The internal organization of the molecule 
does not appear to change between pH 3.5 and pH 12, nor 
is it dissociated into subunits by strong acid, alkali or 0.1% 
SDS [21]. However, with SDS-PAGE electrophoresis u - 
ing 1% SDS or 6 M urea in the sample buffer, the four 
subunits bound to thyroxin do finally dissociate completely 
into 14 kDa subunits [21]. This provides strong evidence 
that the 55 kDa protein binding [3H]retinol that associates 
with the transitional endoplasmic reticulum is not 
transthyretin since no detectable dissociation occurred upon 
electrophoresis under denaturing conditions. 
Another protein that binds retinol, at least in vitro, is 
serum albumin with a molecular mass of 67 kDa [22]. The 
role of albumin in transport of retinoi n blood is not clear. 
However, it is generally accepted that albumin serves as a 
transport protein for retinoic acid but not for retinol [23,24]. 
The interactions of retinol with albumin are mainly non- 
specific Van der Waals type interactions [25]. 
Takahashi and Breitman [26] demonstrated retinolyation 
of a nuclear protein in the human acute myeloid leukemia 
cell line HL-60. The retinolyation was of a 55 kDa protein 
after reduction with dithiothreitol. On two-dimensional 
gels, the retinolyated protein had a p~ of about 4.9 and a 
molecular mass of 55-60 kDa. The results described in 
this study established retinolyation as a new protein modi- 
fication reaction and suggested that the protein substrate 
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for this modification was a nuclear etinoic acid receptor 
(hRAR) or a closely related protein. This protein, although 
having many characteristics similar to the protein reported 
in this study, differs in that it could only be found in the 
nuclear pellet of sub-fractionated cells and not in the 
microsome fraction as is the protein reported here. Also, 
the 55 kDa protein reported in this study has a PI of about 
4.4 on two-dimensional gel electrophoresis (data not 
shown), which is slightly more acidic than the retinolyated 
nuclear protein. 
It is our assumption that the binding of retinol to the 
transitional endoplasmic reticulum and to the 55 kDa 
component is largely reversible. This assumption is sup- 
ported by the equilibrium dialysis findings and by the 
observations where electrophoresis was carried out in the 
presence of high concentrations of unlabeled retinol with 
visualization by fluorescence detection. The bulk of this 
bound retinol corresponding to the 55 kDa component was 
readily removed by washing. However, a small quantity of 
the retinol reversibly bound may react covalently, espe- 
cially in the light, to covalently affinity label the major 
binding component. It i,,; presumably such a molecule, 
covalently bound at or near the binding site, that remains 
after the numerous manipulations involved with PAGE and 
subsequent autoradiographic analysis. 
Since the 55 kDa component binding retinol in this 
study was from total membranes and not purified, stoi- 
chiometry of binding could not be determined. However, 
in the meantime, the binding protein has been purified 
from transitional endoplasmic reticulum of rat liver and 
has been shown by equilibrium dialysis to bind [3H]retinol 
with a stoichiometry of approximately one mol [3H]retinol 
bound per mol of 55 Idea protein (Z. Zhao and D.M. 
Morrr, Purdue University, unpublished results). 
As such, this work demonstrates a protein associated 
with the transitional endoplasmic reticulum which may 
have unique retinol binding characteristics. The 55 kDa 
protein which binds retinol could function alone or as part 
of a complex as the component which mediates the in vivo 
and in vitro effects of retinol on the formation of transition 
vesicles by the transitional endoplasmic reticulum. 
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